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Hard  ceramic  materials  like  tungsten  carbide  (WC)  are  extensively  used  in  high  value  manufacturing,
and  micromachining  of  these  materials  with  sufﬁcient  quality  is essential  to  exploit  its full  potential.
A  new  micro-machining  technique  called  droplet  assisted  laser  micromachining  (DALM)  was  proposed
and  demonstrated  as  an  alternative  to the  existing  nanosecond  (ns)  dry pulse  laser  ablation  (PLA).  DALM
involves  injecting  liquid  micro-droplets  at speciﬁc  frequency  during  the  nanosecond  laser  micromachin-
ing  to  create  impulse  shock  pressure  inside  the laser  irradiation  zone.  The  impulse  shock  pressure  is
generated  due  to the  explosive  vaporisation  of  the  droplet,  during  its interaction  with  high  temperatureeramics
roplet
iquid
icromachining
laser  irradiation  zone.  In  this  paper,  the  DALM  uses  a nanosecond  pulsed  Nd:YAG  laser  to  machine  tung-
sten  carbide  substrate.  The  results  suggest  that the  impulse  shock  pressure  generated  during  the  DALM
process  can  transform  the  melt  ejection  mechanism  of the  ns  laser  micromachining  process.  The  change
in ejection  mechanism  results  in  a 75%  increase  in  material  removal  rate  and  71%  reduction  in  the  spatter
redeposited  compared  to conventional  dry  ns laser  micromachining.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license. Introduction
Hard, advanced ceramic materials such as tungsten carbide
WC) have excellent mechanical and thermal properties, includ-
ng hardness, wear resistance and retention of strength at elevated
emperatures, making them suitable for a wide range of applica-
ions from aerospace to tooling. It is these properties that make
icromachining of WC  challenging by conventional means and
achining these materials is essential to fully realise their poten-
ial. Across a number of industries there is an increasing demand for
omponents with both micro-scale features and the excellent prop-
rties afforded by modern day advanced ceramics. New fabrication
echniques have been developed to improve micromachining,
ncluding ion-beam, electrical discharge and laser micromachining
1].
Micromachining using short (microsecond-nanosecond) and
ltra-short (picosecond-femtosecond) pulsed lasers is becoming
n important process to machine hard materials like WC.  Dry pulse
aser ablation (PLA) by nanosecond lasers is extensively used across
ange of industries [2], however signiﬁcant spatter re-deposition
nd thermal damage was reported [3] at higher material removal
ate (MRR). Ultrashort pulse laser machining using picosecond (ps)
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and femtosecond (fs) lasers is portrayed as an alternative to ns laser
machining, however high frequency ultrashort pulse laser machin-
ing cannot be used for thick materials due to plasma shielding effect
[4], its MRR  is typically less than ns machining and is currently used
mostly for micromachining of thin materials [4]. Moreover the cost
of ultrashort pulse lasers is of an order of magnitude higher than
similar average powered ns lasers.
The mechanism of dry ns PLA involves substrate absorption of
laser ﬂuence followed by melt pool formation, partial vaporisation
and ejection of melt pool by vapour pressure. In dry PLA only part of
the melted material is vaporised or ejected and the rest resolidiﬁes
inside the laser irradiated zone as a recast layer. Also, a considerable
quantity of the ejected material is redeposited as dross (or spatter),
around the edge of the micromachined region (over the mate-
rial surface) [5–7]. In typical ns laser micromachining the material
removal rate is inverse proportional to the micromachining quality
[8].
Synova has developed a micro-jet based laser drilling, in which,
a ns Nd:YAG laser beam travels co-axially to a water jet [9]. The
water jet helps to address the residual heat build-up during con-
ventional nanosecond laser processing. This process produces good
quality micromachining [10]. However, the micro-jet process is
slower than dry ns PLA, cannot be used with all laser wavelength,
cannot be used with high powers lasers and has disadvantage of
being a wet process. A recent development in ns PLA is the under-
water laser process, in which the substrate is submerged in a liquid
medium [3]. Studies have shown that the underwater laser pro-
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Graph showing effect of laser ﬂuence on removal rate for DALM (No of laser
and droplet pulse = 250; Laser frequency = 10 Hz; Droplet frequency = 10 Hz).
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Number of pu lseFig. 1. Schematic of DALM setup.
ess helps to control the residual heating and decrease the spatter
eposition; however maintaining a uniform water layer thickness
s a challenging and the process has the practical disadvantages of
eing a wet process.
This paper reports preliminary investigations into the droplet
ssisted laser micromachining (DALM) process for micromachining
f WC  material. The droplet assisted laser micromachining process
xploits the combined potential of conventional ns laser process-
ng, shock processing [9] and wet processing [3,10], through the use
f ﬁne liquid droplets of size 150 m.  Though, this paper focuses on
achining of WC  ceramics, the DALM process should be applicable
o most metals, alloys and ceramics.
. Experimental procedure
Tungsten carbide blocks (P10 grade) of dimension
0 mm × 40 mm × 10 mm were used as test samples. The P10
rade is the standard tool material used for ﬁnish pass machining
f steel components. Laser micromachining was performed with
nd without liquid droplets, so as to evaluate the performance of
ALM based micromachining compared to conventional dry PLA
rocess [4]. A schematic diagram of the DALM setup is shown in
ig. 1. Compared to the conventional dry PLA experimental setup,
he DALM based micromachining system has an additional liquid
ispenser (micro-dispenser) capable of delivering a controlled
olume of liquid at a speciﬁc frequency and time. The micro-
ispenser was used to inject the liquid droplets over the laser
rradiation zone (to induce shock and remove the dross and recast
ayer). The frequency of the laser beam and micro-dispenser were
ynchronised to work in sequence. The laser source used for this
xperiments is a LITRON frequency tripled Q-switched Nd:YAG
aser with a wavelength of 355 nm,  maximum pulse frequency of
0 Hz and a pulse duration of 8 ns. Water was used as the liquid
edium. A three axis linear stage was used to move the sample
elative to the droplet/laser focus. All experiments were performed
nder ambient conditions without the inﬂuence of any assist gas
3,12].The droplet dispenser has a nozzle exit diameter of 150 m and
as operated at 0.4 bar water pressure and 30 ms  nozzle on-time.
or all experiments the diameter of the droplet were maintained at
50 m which was optimal for the droplet dispenser and the fre-Fig. 3. Graph showing effect of number of pulse on the depth for DALM (Laser
ﬂuence = 5J/cm2; Frequency = 10 Hz).
quency was  chosen to match the maximum laser pulse frequency of
10 Hz. A strobe light along with a CCD camera was used to identify
the path of the droplets, and to ensure that the droplet hits the laser
irradiated zone. The initial laser micromachining experiments were
performed both with and without droplets to choose the range of
the experimental parameters. The laser ﬂuence was varied from 0.1
to 6 J/cm2 and the number of pulses per position was  varied from
25 to 500, to understand the signiﬁcance of DALM and the con-
ventional dry PLA process. All experiments were performed with a
stationary laser beam and a stationary work piece. Finally, the laser
micromachined samples were analysed using optical microscopy,
scanning electron microscopy (SEM), elemental energy dispersive
spectroscopy (EDX) and a white light interferometer.
3. Results
The ablation rate of DALM based laser micromachining process,
performed on a ﬂat WC plate is shown in Fig. 2. As can be seen
from the ﬁgure, a positive correlation was  observed with increase
in ﬂuence; however the variance is ampliﬁed at the high ﬂuence
range of ∼2–5 J/cm2. As elucidated from the ﬁgure, the ablation
threshold of the WC with DALM based laser micromachining pro-
cess is close to 2 J/cm2. A ﬂuence of 5 J/cm2 was chosen for further
experiments due to its high material removal rate compare to the
threshold ablation ﬂuence. Also noticed from the ﬁgure is that the
ablation rate becomes saturated above 5 J/cm2, which is likely to be
due to plasma shielding effects. The ablation trend of DALM based
laser micromachining is similar to the one observed with dry PLA
process, however, the magnitude of removal rate is signiﬁcantly
higher in DALM based process [4,6,11].
Fig. 3 shows the effect of laser pulse per position on ablation
depth. As can be seen from the ﬁgure a strong linear relationship
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rig. 4. Images taken by the inﬁnite focus optical microscope (Number of laser a
nce  = 5J/cm2).
etween ablation depth and number of pulse per position was
oticed. On average, the same amount of material was  removed
er pulse regardless of the total number of pulses. This suggests
hat, at the operating frequency of 10 Hz, the effect of the pre-
ious pulse has completely dissipated in the interval between
ulses.
Fig. 4 shows a typical comparison of WC micromachining per-
ormed using conventional dry laser ablation process and the
roplet based micromachining process. As can be seen from the
gure, DALMS process shows high penetration and signiﬁcant
eduction in spatter redeposited over the edge of the hole.oplet pulses = 125; Laser frequency = 10 Hz; Droplet frequency = 10 Hz; Laser ﬂu-
Fig. 5 shows the surface characteristic of the DALM based and
conventional dry pulse laser ablated region at low and high magni-
ﬁcation. At high magniﬁcation, the DALM based surface appears
rougher. The apparent lack of a resolidiﬁed layer is evidence to
support the enhanced melt ejection mechanisms of the DALM pro-
cess. SEM imagery of the DALM surface suggests that the remnants
of the melt pool solidiﬁed whilst moving at high velocity. A pat-
tern resembling turbulent ﬂuid motion was observed for the DALM
process, which is completely different from the PLA surface. The
PLA surface shows a metallic like region, which is a recast layer.
This clearly indicates that the addition of water droplets have sig-
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Fig. 5. SEM imagery of the laser machined region.
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Fig. 6. Comparison of Micro-hardness.
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Table 1
Effect of number of pulse per position on MRR  for DALM and PLA (Fluence = 5J/cm2;
Frequency = 10 Hz).
No of pulses Material removal rate (m3/pulse) % change
PLA DALM
100 6166.4 9913.4 60%
125  6280.5 11685.7 88%
250  5895.7 12707.6 124%
Table 2
Effect of number of pulse per position on spatter redeposited for DALM and PLA
(Fluence = 5J/cm2; Frequency = 10 Hz).
No of pulses Volume of the redeposited
material (m3)
% change
PLA DALM
100 158881 31706.3 −81%
tion, on material removal rate and volume of material removed
redeposited (estimated from the volume of the peak observed over
the substrate surface) for DALM and dry PLA process. Analysis ofiﬁcantly changed the melt ejection process of nanosecond laser
icromachining process.
Micro-hardness was performed to conﬁrm the subsurface char-
cteristic of the laser irradiated zone and is shown in Fig. 6. As can
e seen from the ﬁgure, DALM process shows hardness similar to
he base material, whereas the conventional process shows high
ardness. The high hardness in the conventional process should be
ttributed to the resolidiﬁed melt layer (recast layer) over the laser
achined region.
Further analysis by EDX was performed to assess the chemi-
al composition of the laser irradiated surface and the results are
hown in Fig. 7. In analysis for both processes there is a signiﬁcantly
igher than expected wt% of carbon whilst simultaneously a lower
han expected wt% of tungsten although the combined percentage
s around the expected value. The obvious outlier however is that
6.6 wt% oxygen was observed for DALM and 3.4 wt% oxygen was
bserved for dry PLA. Kruusing et al. [3] reviewed number of studies
n underwater PLA and concluded that high intensity laser irradi-
tion can excite the water molecules and result in oxide formation
ver the substrate surface. Though the absorption coefﬁcient of
ater for UV laser wavelength is extremely low (1E–4 cm−1), high
aser intensity at the laser irradiated zone can result in non-linear
bsorption and subsequent oxide formation over the laser irradi-
ted zone.125  128215.6 28249.6 −76%
250  91141.6 20790.6 −73%
4. Discussion
One of the key requirements of industrial laser micromachin-
ing is high productivity and quality, and the DALM based process
demonstrates both of them. During UV laser micromachining of
WC,  the laser irradiated zone experiences a temperature in excess
of 4000 K [6] with a melt pool of few micron thickness [6]. Inter-
action of the liquid droplet (of diameter 150 m) with the high
temperature laser irradiated zone can result in explosive vaporisa-
tion of liquid droplet and generation of impulse shock pressure.
Fig. 8 shows the 3D proﬁle of the laser micromachined hole with
DALM and dry PLA process. As can be seen from Figs. 4 and 8, the
DALM process shows high penetration and less taper compared to
conventional ns PLA, which suggest that DALM can be effectively
used to machine thick material compared to conventional ns PLA
Table 1 and 2 shows the effect of number of pulse per posi-the volume of material redeposited over the surface and the MRR
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Fig. 7. EDX analysis for laser irradiated region.
e mac
r
w
b
D
a
v
ﬂ
p
T
t
pFig. 8. 3D proﬁle of the hol
evels that around 24% of material gets redeposited in dry PLA,
hereas only 3% of material gets redeposited in DALM. This should
e attributed due to the change in melt ejection mechanism of the
ALM process.
Being a thermal process, the material removal in dry PLA is
 combination of vaporisation followed by melt ejection (due to
apour press and phase explosion) [12]. In the region of the laser
uence discussed in this report, the melt ejection of PLA is caused
redominantly by the recoil pressure of the vaporised material [13].
he recoil pressure in nanosecond laser micromachining is a func-
ion of ablation rate per pulse and laser ﬂuence [14] (ablation rate
er pulse is ∼0.3 m/pulse at 5 J/cm2). Mscicki [15] estimated thehined with PLA and DALM.
recoil pressure in dry PLA to be around 0.3 GPa, which is signif-
icantly lower compared to the shock pressure generated during
vaporisation of a liquid ﬁlm which can be in the order of the order
of 6.1 GPa [16]. In the DALM process, the melt ejection is due to the
sum of recoil pressure and the shock pressure, generated during the
explosive vaporisation of the liquid droplet. It seems, the higher
pressure (sum of vapour pressure and shock pressure) inside the
laser irradiated zone for the DALM increased the velocity and rate
of the melt ejection process, which results in less spatter deposition
and more material removal rate. Though the MRR  is higher in the
DALM process, due to the high ejection velocity, the spatter was
not redeposited at the edge of the laser irradiated zone. In addi-
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graphite by a nanosecond laser pulse, J. Phys. D: Appl. Phys. 48 (2015) 235201.
[15] T. Mos´cicki, J. Hoffman, Z. Szyman´ski, Modelling of plasma formation during
nanosecond laser ablation, Arch. Mech. 63 (2011) 99–116.694 J.M. López López et al. / Journal of the Eu
ion, the DALM based redeposited spatter had low adhesion over
he substrate as they reach room temperature (due to high ejection
elocity) before falling over the substrate.
The increased melt ejection improves the material removal rate
f the DALM based process. As can be seen from Table 1, there is
round 75% overall increase in material removal rate with the DALM
rocess, a signiﬁcant part will be due to the improved melt ejec-
ion mechanisms resulting in a minimal recast layer. It was  clear
rom the optical microscopy that the addition of the liquid droplet
igniﬁcantly inhibited the spatter formation around the perimeter
f the laser irradiated zone (as seen from Fig. 4). Based on the data
rom Table 2, 71% less material is redeposited onto the substrate as
patter in DALM process compared to PLA.
. Conclusions
Experimental investigations were carried out to demonstrate
nd to understand the mechanism of droplet assisted laser micro-
achining process. Results have been presented with suitable
llustrations. The following important conclusions could be drawn
rom the study.
Droplet assisted laser processing can be used to achieve high
quality and high material removal rate in laser micromachining
of hard ceramic materials.
Compared to dry PLA process, the DALM process can result in
around 75% increase in material removal rate.
DALM process can be used to perform micromachining with min-
imal taper and little or no spatter deposition. Compared to dry
PLA process, DALM process result in 70% less material being rede-
posited on the surface.
The improvement observed with the DALM system is attributed
to the change in melt ejection phenomena, in particular, the
explosive vaporisation of the droplet that helps to efﬁciently
remove the melt layer at the side walls of the irradiated zone.
The shock pressure generated during explosive vaporisation of
the liquid droplet increases the melt ejection velocity, thereby
reducing the spatter deposited over the ablated surface.
A laser ﬂuence of 5 J/cm2 produces optimal material removal for
both dry and DALM based laser micromachining of tungsten car-
bide. Within the operating range, the frequency of the laser source
had no effect on laser machining characteristic.
With further developments in the experimental setup and syn-
chronization system the DALMS process can be readily used for
micro-machining at industrial scale.
[ Ceramic Society 36 (2016) 2689–2694
Acknowledgment:
The authors acknowledge the support offered by the UK Engi-
neering and Physical Sciences Research Council (EPRSC) under the
grant EP/L01968X/1 and British Council under the grant DST-2014-
15-037.
References
[1] A.N. Samant, N.B. Dahotre, Laser machining of structural ceramics—a review,
J.  Eur. Ceram. Soc. 29 (2009) 969–993.
[2] R. Biswas, A. Kuar, S. Mitra, Multi-objective optimization of hole
characteristics during pulsed Nd: yAG laser microdrilling of gamma-titanium
aluminide alloy sheet, Opt. Laser. Eng. 60 (2014) 1–11.
[3] S. Marimuthu, A. Kamara, D. Whitehead, P. Mativenga, L. Li, Laser removal of
TiN coatings from WC micro-tools and in-process monitoring, Optics & Laser
Tech. 42 (2010) 1233–1239.
[4] N. Muhammad, D. Whitehead, A. Boor, W.  Oppenlander, Z. Liu, L. Li,
Picosecond laser micromachining of nitinol and platinum–iridium alloy for
coronary stent applications, Appl. Phys. A 106 (2012) 607–617.
[5] K. Verhoeven, Modelling laser percussion drilling, in: PhD, Technische
Universiteit Eindhoven, 2004.
[6] S. Marimuthu, P. Mativenga, L. Li, P. Crouse, Laser removal of TiN from coated
carbide substrate, Int. J. Adv. Manuf. Technol. 45 (2009) 1169–1178.
[7] S. Marimuthu, A. Kamara, D. Whitehead, P. Mativenga, L. Li, S. Yang, K. Cooke,
Laser stripping of TiAlN coating to facilitate reuse of cutting tools, Proc. Inst.
Mech. Eng. Part B: J. Eng. Manuf. 225 (2011) 1851–1862.
[8] S.K. Dhara, A. Kuar, S. Mitra, An artiﬁcial neural network approach on
parametric optimization of laser micro-machining of die-steel, Int. J. Adv.
Manuf. Technol. 39 (2008) 39–46.
[9] A. Kumar, M.  Prasad, R. Bhatt, P. Behere, M.  Afzal, A. Kumar, J. Nilaya, D.
Biswas, Laser shock cleaning of radioactive particulates from glass surface,
Opt.  Laser. Eng. 57 (2014) 114–120.
10] C. Rashed, L. Romoli, F. Tantussi, F. Fuso, M.  Burgener, G. Cusanelli, M.
Allegrini, G. Dini, Water jet guided laser as an alternative to EDM for
micro-drilling of fuel injector nozzles: a comparison of machined surfaces, J.
Manuf. Process. 15 (2013) 524–532.
11] S. Marimuthu, A. Kamara, D. Whitehead, P. Mativenga, L. Li, Laser removal of
TiN coatings from WC micro-tools and in-process monitoring, Opt. Laser
Technol. 42 (2010) 1233–1239.
12] J.M. Fishburn, M.J. Withford, D.W. Coutts, J.A. Piper, Study of the ﬂuence
dependent interplay between laser induced material removal mechanisms in
metals: vaporization, melt displacement and melt ejection, Appl. Surf. Sci. 252
(2006) 5182–5188.
13] Y. Cao, X. Zhao, Y.C. Shin, Analysis of nanosecond laser ablation of aluminum
with and without phase explosion in air and water, J. Laser Appl. 25 (2013)
032002.16] A. Kruusing, Handbook of Liquids-assisted Laser Processing, Elsevier, 2010.
